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R E S D R C H  bEMORA??UM 

A S Y S T D W C I C  S T I Y  OF THE EFFECTS OF LEADING-EDGE 

C F A Y 4 C m I S T i C S   O F  THREE 45' SK3?l%ACK WINGS 

By E. Neale  Kelly 

A lov-speed  leading-edge  chord-extension  investigation h s  been 
cocducted  in  the  Langley  lg-zoot  pressure  tunnel. In the cowse of the 
investigatioc,  chord-extensions of vario~s geometric  designs  were  tested 
on  three k5O sweptbsck  wings of aspect  ratio 5 and tqer ratio 0.28 
incorporating  Cifferent  airfoil  sections.  The  tests  were  rBde  et a 
Reynolds  gumber of 4.6 x lo6 and correspon&ing  Mach  nurnber of 0.11. 

The  experinental  Eata  inEice-ted  thet  lea6in-g-edge  chord-extensions 
could be used to  sroduce  large  redactions  in  tbe  longitizainal  instzbility 
o r  e-ll three  wings  tested. For a giv2n  chord-extension,  the  reEuction 
was  largest  on  the  wing  wlth smllest leeding-edge  radius. On  all  the 
wings  the  magEitude of the  reduction wzs dependect upon the  geometry of 
the  extension,  witc  the  chord-extension of the  largest  leadicg-edge 
radius  and  largest  projection  being  the  most  effective.  Further  reduc- 
tions in the  instebility  were  obtained on the  wir?g of largest  leeding- 
edge  redius  by  drooping  the  extension. 

mat appeared to be rath.er  severe  bufTetirg was encountered  during 
the  investigation.  Audiovisual  observetion of the  tes-is  indicated  that 
this  buPTeting  was  most  severe f o r  the  configuretions  having  the  aost 
effective  chord-exkension. 

IHTRODUCTION 

In recent  years  considersble  f1ign-t  an6  wind-tunnel  research bas  
been  devoted to improving  the  m-desirable  pitching-moment  characteristics, 
03 swe-ptback  wings.  Of  the ma~y devices  tested  in  en  atteng-l to improve 
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or "fixr '  khese characteristics,  partial-span  leadlcg-edge  chord-extensions 
PAve proved t o  be one of the more promising.  Early  ex3eriments  (see 
re?. 1) indicace  that   tne  location,  prcjection, and nose  shase  of  the 
chord-extension are significant  geometric  factors i n  the  design of this 
devLce. Furthermare, as x tee  ir, reference 1 end as more f'uliy developed 
in  the  analysis  of  reference 2, the tyEe of flow separation exhibited by 
the   j a s i c  wing to vhick: the  extemion i s  attached  greatly  influences the 
action  effectiveness o? the leading-edge  chord-extension. 

* 
- 1  

Y 

T3 k t e ,  nc-vever, L i t t l e  or 110 ct tent ion  other  t'nalz ilzboard end- 
pos i t ion ing   sxdies  has been  giver, to the  design of leeding-edge  chord- 
extensions. tiloreover, ;he applica5iion of this device  has  been limited 
-to predodrately  leadirg-edge  flow-separation wings (shmp o r  nearly 
sherp a i r f o i l )  of  relatively low aspeck ratio ( b  or less). 

A lox-speed inves t iga t im  has ,  YAerefore, been  con&ucted i n   t h e  
Langley l3-Zoot pressuze  tunnel i n  order t o  study  the  influence of  geo- 
metric  design on the effecfiveness  of leadir-g-eCge  chord-extensions. 
I n  tke  course  of  this  investigation,  extensions of various  chords,  spen- 
wise gositions: and leading-edge  redii-were tested. on three 45O swepttacb 
w i n g s  of as2ect r a t i o  5 .  The basic  vings %rere of ider-ticai  plan form, 
but 'n'ere Oesigned, thou@- t'ne use of airfoils  with  dFfferent  leading- 
e6ge radii ,  t o  exhib i t   d i f fe ren t  t s e s  of flov seperation. 

pitching-mneni; coeff  icien-l  about Titching moment 
q SE 

increment Ln pitching  mnenf from l ine   def ined by slope of 
pitching-mmnt c w v e  throug4 CL = 0 (see  sketch i n  f i g .  5 )  

r e t e  or" chmge of pitching :rorr.ent w i t h  lift 
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S wing  aree, sq ft 

V free-strean  velocity,  ft/sec 

Y spanwi-se  ordinate,  ft 

a angle 03 attack,  deg 

MODZL, TESTS, -kND CORRECTIONS 

Model 

Data  contained  in the present  paper  were  obtained Trom tests of 
ieading-edge  chord-extensions  on  three wings of  i&entical plan form. 
The uings  vere  constructed of laminated  mahogary  and  each  had an aspect 
retio or" 3.0, e taper  ratio of 0.29, 45O sweepback of tie  quarter-chord 

identified  by  their  lezding-edge  radii in tie  text,  incorporated tine 
folloxing  airfoFl  sections: 

- line,  and  9-percelt-thick  airfoil  sections. The wings, which w i l l .  be 

Airfoil  section LeadFng-edge radius, I frection c I 
NACk 0009- (3.18) 3 
NACA 0009- (4.53 ) 3 
NACA 0009-63 

o .0025 
-0050 

I . 0069 

Geone-Lric  characteristics of the  leading-edge  chord-extensions 
which were  teste&  with  the  inboard  en&  et various spanwise  positions 
ere as follows: 



B m  i c Wing I Chord-Extensior- 
I I 

Le&lng-edge 

fract ion c 
r&dius , radius, 

Leading-edge 

f rac t ion  c 

0 
0 .c025 .00125 

.00250 
.00443 

0 
.OO?O 

.00445 

.03250 

0 
.ooEg 

.OO&O 

. o o u g  

Projection  (streanvise),  
f ract ion c 

0.130, 0 
~ 0.064, 0.130, 0.198 

0 ~ 3 0 ,  c 4 8  
1 O.o&, 0.130, 0.198 

I 0.064, 0.130, 0.198 
0.064, 0.130, 0.198 
0.064, 0.130, 0.198 

0.064, 0.130, 0.198 
o .064, 0.130, o .1g8 
0 .a&, 0.130, 0.198, 0.180 drcoped 

AdCitioxal  details of tine construction and gear-etry of tne  vings 
ane  chord-extensiar-s  can  be  foucd +r- fi,wes 1 a d  2. A photograph of 
t:?e model as i n s t a l l e d   i n  tine t u m e l  is presented i n  f i w e  3 .  

Tests 

All tes ts   reported  kerein were conchcted ir- the  -gley 19-foot 
pressure tunrel E t  a tunnel  pressure of approximately 33 psia. A feu 
of tke izitial tests vere Irade a t  a Reynolds zx..zc?~er of 4.9 x LO6 End a 
correapaneing E k Z h  nmber of 0.12. Hoh-ever, because of the   violent  
behavior of t'?e madel, t he   t ume l  speel! vas lowered for tha  remir-der 
and mzjority of :=he tests t o  a Reynolds  ncxber  of 4.5 x 10 6 and a corre- 
sgcncing Mazh number 05 0.11. 

Cmrections 

r 

3 

Jet-3cunCa-y corrections  determined by t'ne method of  reference 3 
have  been agpliec t o  a l l  of the  data. The angle of a t tack  'has been  cor- 
rected ror airstream  xiselinenent.  Bo corrections have  been epplied fo r  
supgar- t s re  er& in%crfere-.ce  efTects. 
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RESULTS 

Tables asld figures swmarizing the  present  test  d&te  (tables I, 11, 
and I11 m d  figs. 4, 5 ,  and 6 )  will  form e basis Tor the  discussion  to 
Tollow.  Ti._e  lift  and  pitching-morcient chwecteristics of all the  config- 
urations  tested in Cie  course  of  the  present  investigation  are  presented 
in  succeeding  figures.  Figures 7 to 16, 17 to 25, and 26 to 35 contain 
the  results  obtained for wings with  O.OO25c,  O.O050c,  and 0.0089~ leading- 
edge  radii,  respectively. 

DISCUSSION 

In the present  report,  the  ability of e chord-extension  to  linearize 
the  pitching-mnent  characteristics  of  the  configuration  will  serve  as a 
basis  for an assessment of the  value of the  exkension. The raximn Incre- 
mental  pitching  momen-t  betveen a line  defined  by  the  slope  through  zero 
lift  and  the  actuai  curve  (see  sketch,  Tig. 5 )  will serve  as a measure 
of the  linearity or nonlinearity of the  pitching-moment  characteristics. 

". Basic  Wir-gs 

The  basic  wings of the  present  investigation  ere  part of a series 
I of wings  which  have  been  used  to  study  the  influence of sweep,  aspect 

ratio,  airfoil  sectioz  (leading-edge  radius),  Reynolds  number,  and  Mac21 
mmber on  the  Torrtation of leading-edge  vortex flow, hen-ce  the t s e  of 
flow  sepzration,  and  ultimately  tne  pitching-moment  characteristics or" 
sveptback  vings.  Some of the  initial  results  of t h e  basic  wing  investi- 
gation  ere  contained  in  reference 4. Lift  and  pitching-moTent  charac- 
teristics of the  basic  wings  are  reproduced on figure 4. 

At  the  Reynolds  number of the  present  tests (4.6 x lo6) all three 
wings  exhibited a mixture or" leaCLng-edge  and  trailing-edge flow sep- 
aration of varying  degrees. Flow studies  znd  pressure-distribution 
measurements  (unpublished)  indicate  that  trailing-edge  flow  separation 
predoninates  on  the  wing  with  0.006gc  leadiag-edge  radius  while  leading- 
edge sepmation p_redordnates 02 the  wing  with 0.0025~ leading-edge  racius. 

Wings  With  Chord-Extensions 

It is apparent  from  tables I, 11, en& III and f i v e  5 thet  all 
tfie chord-extension  cozfigurations  tested  redcced  the  instability of the 
basic wings. Nevertheless, e11 cocfigurztions  exhibited a destzbilizing 

1 

I break  prior  to wxinan lift  that  ?v-as  equivalent  to or greater than a 



5 - NACA F U v l  L55H19 

a 
15-percer-5  aerodyxmnic-center shlft. Is soxe  cases,  however,  the  lift 
range  over  wkich  the  instability  occurred was extremely srmll. The  dif- 
ficLlty  in  elirrinating  the mstable break  is  ascribed 20 the  relatively 
higin  aspect  rztio of the pesent vings.  In  the  earlier  work  of  reference 1, 
where  chord-extensions  showed  striking  ixprovexent  of t'ae moment  curves, 
the  aspect  rat50 -as o~ly 2 . a .  

v 

In generd, a ckord-extension of a given  leading-edge  radius an6 pro- 
Zection  produced  nore  nearly  line-  pitchir-g-moxer,t  characteristics  when 
used.  in  conjunction xith the  wings wit'rz smaller  leading-edge  radii.  The 
actual  reduction  in  tje  destabilizing  pi-lchirg  moment  due  to  the  addition 
of  leading-edge  chord-extecsiom 

cc~*m,s i c wing amwing + extension - on 

the  wirg  vitn smllest leading-edge  radius  of  the  gresent  investigation 
was of t ke  same  order of mgnitdde &s that fourxi in  reference 5 on e. 
sim5lar  wizg  of  lover  aspect  ratio. 

Tke  najority  of  The  chord-extensions  tested  caused a small reduction 
in  the  initial  stability of the  kasic  wings.  With  the  exception  of &he 
ex-censions  ex%ending  ir-board  of  the  Ticseaispan  location  (fig. 27 only) 
the  chorE-extensions  did  nst  reduce  Cke  iritiai  sta3ility of the  basic 
wings by pare  tllar- 4 percent. As is sho-m in  figure 6 ,  this  reduction 
in  the  initial  s5ability  Zecreased  rapidly as the  inbozrd  end  of  the 
extension  xoved  oL;tboard,  and  ic  some  cases a s m L 1  stabilizing  contri- 
bution  was  evident. 

TlaE-form  effects.- As h2.s been  poizted  out  by  previous  investi- 
gators t'ne spmwise Location of t3e  inboard  end of leading-edge stall- 
contrcl  devices is of  prixe  I-ortance. For the  wings  with  O.OO5Oc  and 
0.0025~ lezding-edge  radii of the  present  investigction  the  optimum 
sFarmise  location  for  the  inboerd  end of tke chord-extension is near  the 
0.55b/2 ving  station  (see fig. 5 azd  tz3les I and 11). The  optimum 
position  for  the  wing xith 0.0089~ leading-edge  rsdius  is  less  clearly 
defined  (tz'ole 111) and  appears  to  vary from 0.57513/2 to O.O7Ob/2 with 
chm-ges  in  the  other  geometric  characterlstics  (leading-edge  redius  and 
percent  extension) of the  extensions. 

Tests  to deterdne the  effects of chord-extension-end  geometry  were 
not mc2e in tAe course  of  tke  presept  investigation. However, unpublished 
data  i'rom  tests of 2 curre3-z  swept  wing  fighter  model  Indicate  that 
feiring  the  inboard  enC of tne  leading-edge  chord-extension  into the con- 
tour  of  tke  basic  wira  c-letely  destroys  the  effectiveness  of  the  device. 
'This loss in  effectiveness  is  &=e to the  dispersion  and  consequent weak.. 
eni~lg  or  destruction  of  the izbom5 en5  vortex  upon  which  the  action of 
t?te  exter-sion  degen5s. 

The position  and  geometry  of  the  outboard  end of the  leading-edge 
chord-extenslons is of small iqjortance  relative to the  problem of 

c 

a 

. 
Y 
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I obtaining  proper  placexent of the  ilzboard  end. As pointed  out  in 
reference 1 end as substantiated  by  figare 9, novenent  of  the  o-atboard 

reduction  in  the  effectiveness of the  extension.  Unpublished  date.,  hov- 
ever,  indicate  that  this loss in  effectiveness CELR be counterscted  by 
fairing  the  outboard  end  of  the  chord-extension  into  the -vir3 leading 
edge. (In the  specific  case  cited,  full  effectiveness  vas  retained  for 
E 0.03~/2 span  chord-extension  througln  the  use 02 an outboard  end  feiring.) 

3 end of the  extension  inboard from the  besic  wing  tip  results ilz some 

With e. single  exception,  the  larger  the  projection of the  leading- 
edge  chord-extension,  %he  more  effective was the  device.  The  single 
exception  wes  the  13-percent  chord-extension xitlrl  0,.0044jc  leading-edge 
radius, on the  wing  with 0.0089~ leading-edge  radius  (see  teble III), 
which  apseared  to  be  inferior  to  the  6.4-percent  extension as  well  as 
the  19.8-percent  extension of the  sane  leeding-edge  rsdius. No eqlam- 
tion  is  offered f o r  this  apparent  contradiction  to  the  generei  &rend. 

Section  effects.- In general,  it  is  seen (cables I, I1 an-d 111) 
that  (2ndependent of the  besic w h g  to vMch it is attached)  the  chord- 
extensions  vith tine larger  leading-edge  radii  produce  the  most  nearly 
lineer  pitching-moaent  charecLeristics.  in  this  ressect it was found 
thet  the  extensions-with zero leading-eCge  radii  produced alnost no 
beneficial  effects  while  those wit'h the  largest  leading-edge  rsdii  pro- 
duced  Ditching-noxent  chrecteristics  tkat  approzched  linearity.  Similar 
improvemects in the  effectiveness of chord-extensions  through t5e use of 
extensions  with  increased  leading-eage  radii  were  rroted  in  the  earlier 

I 

8 work  of  reference 1. 

As has  been shown in Y l i s  and t h e  precedirg  section,  the  effective- 
ness  of  the  leading-edge  chord-extension is increased  by an increase in 
the  leeriing-edge  redius  and/or  the  projection of the  extension.  Thus, 
it c.m be  seen  that for a wing  exhibiting  only a macerate instability, 
the sene linearization  caE  grobably  be  obtained  throug3.  either  the  use 
of a large  leading-edge  radius  chord-extension  of smll projection or a 
small leeding-edge  radius  extension  of  large  projection. F i m l  selection 
for application  to  wings of this % m e  will  be  dependent  upon  higc  speed, 
structure, or other  considerations. 

Although  significant  reductions in the  nonlinezrity of the  basic 
wing  pitching-mordent  ch-acteristics  Fiere  obtained,  none of the  undrooped 
extenstons  were  able to prevent a ret'ner mrked forward  aerodynamic-center 
shift  et  approximately  the  sane  angle of attack  at  which  the  basic  wing 
instability occ-ired (see  tables I, 11, a d  111). Furthermore,  addition 
ol" tie mdrooped extensions  did  not  noticeably  improve  the flow et  the 

I wing  tips. 

From the  results of the  gresent  tests it mpeers that  although  the . undrooped  extensions  have  succeeded in checking  the  boundary-leyer  outflow 
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(their  desigr,  Furpase), &;e to  the  high  concentratton  of  loading at %he 
tip  on  the  basic  plan forrr? the  lift  pro&ucing  cepecity of the  tip  sec- 
tions  (indepeniient of boundary-layer  outflow)  hzve  been  surpassed  and 
stallec  flow  still  exists. For 1”urther  improveT:ents  in  t‘ne  flow  at  the 
tip  (and.  hence  %he  stability  characteristics),  the  stalling  character- 
iszics  of  the  tis  sec-,iors msst be  altered.  The  results of tile addition 
of forxerd caxber  in t‘ne form of a 12’ drooped  extension  (see  table I11 
and  fig. 5 (  c) ) see% to confirm  the  loregoing  and  indicate &mop is an 
important  variable  in  the  design 3f chord-extensions for use  on  the 
present  wir_gs. 

Ekfl”etiag.-  %%at  appeared  to  be  rather  severe  buffeting was encoun- 
tered  6uring  the  present  cbord-extension  investigation.  Although  no 
neasuremexts of the  intensity  were  made, audiovisa1 observation of the 
modei  cks”iv;  the tesk indicated  that  bGffeting wis most  severe whet- the 
reduc+,ion in the destabilizirg  pitching  monent wes the greatest. 

Inasmx:? as gcor baffeting  characteristics  could  possibly  severely 
lirit or prohibit  the  use of leading-edge  c3ord-extensions as a longi- 
tudizal  stebility  ‘‘fix’’  it  E3pears  that  fxrtl”er  Lnvestigztion of the 
buffeting  characteristics  of  wings  equipped  with  chord-extensions would 
be  desir&ble. 

COKCLUSIONG 

The Soloving cor-clusions  ere  based  on  t‘le  results of tests  of 
variam leading-edge  chard-extensiors OE three 45O sweptback,  aspect- 
ratio 5 vings  incorForztFne;  different  airfoil  sections: 

1. Although  comslete  lineari3y  of  the pitching-mment curve wes 
not  achieved,  large  reductions  in  the  longitudinal  instability of the 
basic  wings  were  obtained  Y-vcugh  the  use  of  leading-edge  chord-extensions. 
For a given  chord-extension  the  reduction  vas  The  largest  on  the  -wing 
vith mallest leading-edge  rediue. 

2. For the  k-ings  vlth sm~ller leeding-edge  r&i+  the  most  neerly 
linear FitzXng-mne3t characteristics  were  obtained  with  the  inboard 
end of the  extensions  loceted  near  the  55-percent  uing sedspan station. 
On the  wing  with  the  lergest  leeding-edge  rad-ius tlne o~tinum position 
varied f r o r  57.5 to 73 perceslt of t’ce w i n g  sedspan depeniiing  upon  the 
extension  geoxetry . 

3 .  The  greatest  irnorovexents  in  the  longltudinal  stability  obtained = 
tizougk  the  use of undroosed extensions  were  produced  by  the  largest 
leading-edge  radius,  largest  projection  chord-extension. 

5. 
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4. Adcitionai 
t e r i s t i c s  of the wi 
though  the   use  of  

ixsrovements i n  t'ne l o n g i t a d i m l   s t a b i l i t y  charac- 
.ng with  the  largest  leading-edge  radius were obtained 
drooped  chord-extensions . 

Langley Aeronmtical  Lzboratory, 
National  Advisory Cornmittee for  Aeronautics, 

L a g l e y  Fielci, Ve. ,  August I, 1955. 
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TABLE I - CHARAGTERISJICS OF THE 0.0025~ LEADING-EDGE  RADIUS WING WITH CHORD EXT€NSIONS 
(al C, againd cl_ . 

50.0 

550 

600 

650 

I 

- " 



TABLE I. - Concluded 
(W Cm agalnsi a: . 

Emc wing 

- _"1.. 

L.€.Radus8 %c 

lnbaard end 
198. I3 0 -_- N O  F 6 . 4  130 1 /98 64 I98 

" - N O  Exfenslon8 %c 

0445 0250 0 I25 0 

position8 %b/z 

_" "" " 

._ "- 



-.I6 -8 0 .8 L6 

600 

65D 

700 



- . _- 

a I 

I 1-24 I NO I 
LE.f?ffdUS, %c 0 D. 445 0.250 
Exfenshn, % c 19.8 I98 13.0 6.4 19.8 64 I I30 
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Basic wing 
"_ R=4.9 xIO6 

" R=4.6 xIO6 
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. /6 
cm 0 

-.I6 

"_ U"4.9 XlO6 
Basic w~hg - 

R=4.6 x/06 
-I6 0 I6 32 

w e q  

L.EUadus, %c 

Extenstbn, % c 
Inboard end 

6.4 I 13.0 TG-pz!!!d 6.4 ." A0 I9 8 "G 1 198 I- 

psiifion, % b/2 

"" 

0 0.890 0.445 
" 

500 2w+ +T+ 

625 *k 



t / 

_""""" 

BACA 0009-(4.53)3 airfoil 

"_"" 

NACA 0009-63 airroil 

Section A-A (enlared)  

Figme 1.- Geometric  characteristics of the basic wings. (Dimensions in 
inches  except as noted. ) 

c 

a 



~ Molded flbar glass 
reinforced  plastic ,,- Balsa  Palrlng 

(L.E. Rad. = 0, E X ~ .  = 0.130) 
Undrooped 

Typlcal Streamwlae sentlona 

L.I.:. Rad. A i r f o i i T -  
( f rac t ion   E)  (sl;roarnwise) 

Extension 
lfrao  tion  c ) 

0 

0.00125 

.00250 

.00450 

.00830 

NACA 0009-03 

NACA 0007-(2.25)3 

NACA 0009-(3*18)3 

NACA 0009-(4.24)3 

NACA 0007-63 

0.0611, 0.130,  0.198 

0.0611, 0.130, 0.190 

0.064, 0.150,  0.198 

0.064,  0.130, OJ98 

0.064, 0.130, Q.198, 
0.180 (drooped) 

i; 
/ 
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(a) C, agair-sc a. 

Figwe 7.- L i f t  and pitching-nomat cheracteristics of w i n g  with chord- 
exiensions. W i c g  leading-edge radius, 0.0025~;. chord-extension, 
13.0 percent;  chord-extension leading-edge radius, Oc. 
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Figure 10.- L i f t  and pitchins-Eonent  charzcteristics of wing with chord- 
extensions. Wing lezding-edge  raaius, 0.0025~;  chord-extension, 
13.0 percent;  chord-extension  leading-edge  redius, 0.00125~. 
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13.0 percent;  chord-extension leadirrg-edge rzdics, O.OO25Oc. 
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(a )  C, against u. 

Figure 15. - Lirt w-d pi tc l ing-mmnt   charac te r i s t ics  of w i n g  with chord- 
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Figure 22.- Lift  and  pitching-moment  chsracteristics of w i n g  with chord- 
extensions. Wing leeding-edge  radius, 0.0070~; chord-extension, 
19.8 percent; chord-extension leading-edge  radius, 0.00250~. 
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? Figure 26.- M T t  an& pitching-mEent characteristics of ving with chord- 
extensioos. Wing leading-edge  radius, O.OO@c; chord-extension, 
6.4 percer-t; chord-extension leading-edge  radius, Oc. 



82 

.04 

00 

-.08 
0 0  

00 

Figure 26.- Continued. 



1.4 

L2 

60 

1 
.8 

.6 
CL 

.4 

.2 

0 

-.2 

-.4 

( c )  CL against a. 



84 - NACA RM L55H.J-9 

-4 0 4 8 12 16 20 24 28 32 
a, deg 

(a) C, a g a i r s t  u. 

Figure 27.- L i f t  and pitching-moxen-k  characteristics of wing w i t h  chord- 
extensions.  Wing  iea8ing-edge  radius, 0.0089~; chord-extension, 
13.0 percent;  chord-extensicm  leading-edge  radius, Oc. 
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extensions. Wing leading-edge  radius, 0.0089~; chord-exbension, 
6.4 percent;  chord-extension  leading-edge radius, 0.00445~. 
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